Abstract The main purposes of wastewater treatment systems are to remove organic pollutants, but it would be very attractive if there were a way to recover the organic pollutants as valuable organic materials. One of the possible ways to recover organic pollutants in wastewater is to convert them into polyhydroxyalkanoates (PHAs), which are biodegradable plastics. In this study, 18 activated sludge samples in 4 wastewater treatment plants (WWTPs) in Tokyo, Japan, were evaluated for their potential to produce PHAs by aerobic batch experiments with excess supply of acetate as the sole carbon source. The activated sludge samples tested had the capability to accumulate PHA up to 18.8% of dry cell weight on average, with the range of 6.0% to 29.5%. The results showed that the maximum PHA content was dependent on the influent more than on the operational conditions of the activated sludge, and that conventional activated sludge produced PHA as much as anaerobic-aerobic activated sludge did. The PHA content achieved in this study is still low, and further improvement is needed to put into practice the recovery process of organic pollutants as biodegradable plastics by activated sludge.
Introduction
Polyhydroxyalkanoate (PHA) is known as an important carbon storage material in microorganisms in activated sludge (Satoh et al., 1999) . Especially, it is well known that PHA acts as the energy and carbon reserve material in polyphosphate accumulating organisms (PAOs) in the enhanced biological phosphorus removal processes with sequencing anaerobic and aerobic conditions, or so-called anaerobic-aerobic processes. The metabolisms of PAOs are explained as follows. In the anaerobic zone, they take up organic substrate and accumulate it as PHA by consuming polyphosphate in cells as the energy source. And in the following aerobic zone, they grow by consuming PHA as intracellular substrates and, in addition, reproduce polyphosphate.
On the other hand, PHA is drawing attention as the thermoplastic with biodegradable and biocompatible property, so called "biodegradable plastic". Biodegradable plastics are the general term for plastics which are degraded completely by organisms in the environment. The commercial production of PHA was started in early 1980s (Holmes, 1985) . Tremendous studies have been carried out to improve productivity and to obtain PHAs with unique physicochemical properties so far, but most of the studies have been done with pure cultures of bacteria (Anderson and Dawes, 1990; Doi, 1990; Lee, 1996; Braunegg et al., 1998) . The study reported in this paper focuses on PHA production by activated sludge, which is a mixed culture, because this process is thought to have following advantages: lowering the PHA production cost, reuse of excess sludge from wastewater treatment plants (WWTPs) for PHA production, contribution to the reduction of excess sludge volume discharged from WWTP and to supply of a new way of carbon recycle by the conversion of organic pollutants in wastewater or waste organic liquid into valuable biodegradable plastic.
The studies on PHA production by activated sludge have been until now conducted by several researchers. Satoh et al. (1998) reported that 62% of PHA content was observed in the activated sludge acclimatized in microaerophilic-aerobic process. The "microaerophilic-aerobic process" they reported is a process where a limited amount of oxygen is supplied to the anaerobic phase of the anaerobic-aerobic process (Satoh et al., 1998) . They reported that PHA is produced more under aerobic conditions than under anaerobic conditions, because much more energy and reducing power are generated under aerobic conditions than under anaerobic conditions. The composition of PHA can be regulated by controlling the composition of carbon source. (Hu et al., 1997; Takabatake et al., 2000) However these studies were conducted with activated sludge acclimatized with synthetic wastewater. In order to assess the feasibility of PHA production by activated sludge, the PHA production capability of activated sludge in full scale wastewater treatment plants needs to be evaluated.
In this study, activated sludges in the municipal WWTPs in Tokyo, Japan, were subjected to batch experiments to evaluate their potential for PHA production. The general tendency of PHA production potentials was evaluated and the difference in PHA production potential among the activated sludges was discussed.
Materials and methods

Activated sludge
Eighteen activated sludge samples were taken from 4 municipal WWTPs in Tokyo, indicated as M, S, N and K WWTP respectively. The samples were subjected to batch experiments within a couple of hours after the sampling. The activated sludge samples utilized in this study are listed in Table 1 . These activated sludges were acclimatized in either fully aerobic process (conventional process), anaerobic-aerobic process, or A2O (anaerobicanoxic-oxic) process.
Batch experiments
Batch experiments were conducted to evaluate PHA production potential of activated sludge. Figure 1 illustrates the apparatus used for the batch experiments. The MLSS of the activated sludge samples taken from WWTPs were adjusted to approximately 500 mg/l by the dilution with tap water. Two litres of activated sludge mixed liquor was put in the reactor for batch experiment. Air was supplied by an air pump through a humidifier and a diffuser, and the mixed liquor was mixed by the bubbling and by a magnetic stirrer. Sodium acetate solution as the sole carbon source for PHA production was fed continuously to the reactor in order to avoid the inhibitory effect of too high a concentration of acetate. The acetate concentration in the reactor was typically around 100 mgC/l, and was always kept less than 300 mgC/l. A pH controller was used to keep pH between 7.0 and 7.2. The aerobic incubation lasted for 24 hours in all batch experiments. Samples were taken at predetermined time for the analysis of PHA dissolved organic carbon (DOC), MLSS, MLVSS and intracellular carbohydrate.
Analytical methods
The methanolysis-gaschromatographic method developed by Braunegg et al. (1978) was employed with some modification for the analysis of PHA (Satoh et al., 1996) . Shimadzu GC-14A/FID was utilized in this study for PHA detection and quantification with a column Neutrabond-1 (GL science company, 30 m length, 0.25 mm internal diameter and 0.4 µm film thickness). The temperatures of detector and injector were 250°C and 180°C H. Takabatake et al. respectively. Internal temperature setting of column was 60°C for 4 min, then increased at 12°C/min to 220°C and maintained for 6 min. One µl of sample was split injected into GC, where split ratio was 1:40 with Shimadzu Auto-Injector, AOC-14A). Sodium 3-hydroxybutyrate (Sigma, USA) was purchased and utilized as the standard for 3-hydroxybutyrate (3HB) unit in PHA. The copolymer of 3HB and 3HV(3-hydroxyvalerate) extracted from Ralstonia eutropha was kindly provided by ICI Japan LTD., and used in this study as the standard of 3HV.
Shimadzu TOC-500 was used for the determination of DOC. MLSS and MLVSS were measured according to Standard Methods (American Public Health Association, 1992). Intracellular carbohydrate was measured by the phenol-sulfuric acid reduction method.
Results and discussion
The profiles of PHA and intracellular carbohydrate production in all the batch experiments are shown in Figure 2 . The following points were commonly observed in all the batch experiments. The highest rate of PHA production was observed during the initial several hours, and then PHA production rate gradually decreased as time went by. In most of the batch experiments, finally PHA accumulation stopped and the amount of PHA accumulated reached plateau. The accumulation of intracellular carbohydrates was much less than that of PHA.
The following four parameters were calculated as the indicators for the potentials of PHA production; maximum PHA content, PHA production rate, PHA conversion ratio and acetate (carbon source) uptake rate. "Maximum PHA content" is the most important factor from the industrial point of view because the maximum PHA content significantly affects the effectiveness of PHA recovery from microbial cells and thus the total cost of PHA production (Choi and Lee, 1999) . In order to rigorously determine the maximum achievable PHA content, the incubation period of 24 hours is not long enough. In this study, maximum PHA content achieved within 24 hours of incubation was used as the "maximum PHA content". Because PHA accumulation was stopped within 24 hours of incubation in many of the batch experiments, the maximum PHA content calculated may well be thought to be very close to actual maximum achievable PHA content.
The rate of PHA production was the highest in the initial several hours of the batch experiments. The "PHA production rate" was calculated for the initial several hours where PHA production rate was the highest. In the same period, "PHA conversion ratio", which is the conversion ratio of acetate into PHA, and "acetate uptake rate" were calculated. These parameters are important as well as maximum PHA content from the industrial point of view, because they are mainly related with the productivity of PHA and the cost of PHA production.
Maximum PHA content, PHA production rate, PHA conversion ratio and acetate uptake rate observed in this investigation are listed and summarized in Table 2 and Figure 3 . Maximum PHA content, PHA production rate, PHA conversion ratio and acetate uptake rate observed in this study ranged between 6.0 and 29.5% with an average of 18.8%, between 3.8 and 48.9mgPHA/gMLSS/hr with an average of 18.1 mgPHA/gMLSS/hr, between 8.8 and 36.9% with an average of 26.8% and between 14.5 and 93.5 mgC/gMLSS/hr with an average of 36.8 mgC/gMLSS/hr, respectively. It was expected that anaerobic-aerobic activated sludge processes for EBPR have higher potential for PHA production, but no significant difference was observed between anaerobic-aerobic and fully aerobic activated sludge processes.
The microbiological importance of PHA production in the anaerobic-aerobic activated sludge may well be explained as the temporal storage form of carbon which cannot be oxidized in the absence of any electron acceptors. Although aerobic PHA accumulation has been well recognized and already included in Activated Sludge Model No.3 (Gujer et al., 2000) , microbiological importance of aerobic PHA accumulation has not been well studied yet. Van Loosdrecht et al. (1997) proposed an idea that PHAs might be contributing as the Figure 3 The comparison of maximum PHA content, PHA production rate, PHA conversion ratio and carbon source uptake rate calculated from the results of the batch experiments. White bars are from fully aerobic sludge, black bars from anaerobic aerobic sludge and gray bars from A2O sludge balancers of growth rate in the fluctuation of organic substrates. Another possible explanation why fully aerobic sludge can accumulate PHA is as follows. The bacteria accumulating PHA might be able to take up carbon source faster than others because the energy for PHA accumulation as transient storage compounds is lower than that for growth. At this moment, it is rather difficult to identify the actual reason for PHA accumulation by microorganisms in fully aerobic activated sludge. It is very important to identify the reason, because the PHA production potential of activated sludge could be improved based on the reason. PHA production potentials of the sludge in M and S WWTPs were significantly higher than those in N and K WWTPs according to Figure 3 and Table 2 . This result indicates that the characteristics of the influent wastewater rather than operational conditions, whether anaerobic-aerobic or fully aerobic, affect PHA production potential of activated sludge. In order to investigate the factor affecting the PHA production potential of activated sludge, the correlation coefficient with maximum PHA content was calculated for some of the operational conditions of the WWTPs. As the operational conditions, monthly mean values were employed for the calculation. The results are shown in Table 3 .
Relatively high positive correlation was found between maximum PHA content and the removal efficiency of phosphorus. This might be indicating that the predominance of PAO was one of the factors affecting the PHA production potential of activated sludge. Other than that, maximum PHA content was found to have relatively high positive correlation with the influent loads to MLSS (BOD, COD, SS, TN, NH4-N, TP and PO4-P) and return sludge ratio. Relatively large negative correlation was found with SRT. At this moment, it is rather difficult to find rational explanations for these correlations. Since acetate is a substrate which can readily be converted to PHA, acetate concentration in the influent might have high correlation with PHA production potential. However, the acetate concentration in influent wastewater was not measured in this study.
The tendency of PHA production rate was relatively similar to that of maximum PHA content, as can be seen in Figure 3 (a) and (b). This indicated that maximum PHA content was dependent on PHA production rate. PHA production rate is mathematically expressed from PHA conversion ratio and acetate uptake rate as follows; (PHA production rate) = (PHA conversion ratio) × (acetate uptake rate)
As can be seen in Figure 3 (c), PHA conversion ratio fluctuated but was typically at around 30%, whereas acetate uptake rate had similar tendency to the PHA production rate as can be seen in Figure 3(d) . This means that acetate uptake rate of activated sludge is the primary H. Takabatake et al. 124 factor determining the PHA production potential that activated sludge has. Therefore, one of the strategies to promote PHA production potential of activated sludge could be to increase the acetate uptake rate. On the contrary, PHA conversion ratio in the case of the sludge acclimatized by the synthetic wastewater has been reported to be as high as 60% (Satoh et al., 1998) , twice as high as typical PHA conversion ratio observed in this study. The difference might be caused by the type of substrate, though further explanation is rather difficult. It is future work to clarify the factor controlling PHA conversion ratio.
Further study is needed to put into practice the PHA production by activated sludge, because PHA content of 30% or less is still too low for commercial production of biodegradable plastics.
Conclusions
In this study, activated sludges in full scale wastewater treatment plants were tested for their capability to accumulate PHAs.
The highest PHA content was 29.5% in MLSS, with the lowest 6.0% and average 18.8%. The PHA production potential of the activated sludge in conventional process was as high as that in anaerobic-aerobic EBPR process, though the role of PHA production in the EBPR sludge was known and studied more than the conventional sludge. The potentials of PHA production depended on the difference of WWTPs more than the difference of the operational conditions such as conventional and anaerobic-aerobic process. In order to put into practice the recovery process of organic pollutant as biodegradable plastics by activated sludge, further study is needed to improve PHA production potential of activated sludge.
